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ABSTRACT 
 
Continuous measurements of black carbon (BC) aerosol were made at a midsized urban site in Baoji, China, in 2015. 
The daily average mass concentrations varied from 0.6 to 11.5 µg m–3, with an annual mean value of 2.9 ± 1.7 µg m–3. The 
monthly variation indicated that the largest loading of BC occurred in January and the smallest in June. The mass 
concentrations exhibited strong seasonality, with the highest occurring in winter and the lowest in summer. The large BC 
loadings in winter were attributed to the increased use of fuel for domestic heating and to stagnant meteorological conditions, 
whereas the low levels in summer were related to the increase in precipitation. BC values exhibited similar bimodal 
diurnal patterns during the four seasons, with peaks occurring in the morning and evening rush hours and an afternoon 
trough, which was associated with local anthropogenic activities and meteorological conditions. A potential source 
contribution function model indicated that the effects of regional transport mostly occurred in spring and winter. The most 
likely regional sources of BC in Baoji were southern Shaanxi province, northwestern Hubei province, and northern 
Chongqing during spring, whereas the northeastern Sichuan Basin was the most important source region during winter. 
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INTRODUCTION 
 
Atmospheric aerosols are a widespread concern due to 
their physicochemical role in atmospheric processes, which 
can cause them to disturb the solar radiative balance of the 
earth (Bellouin et al., 2005; Gordon et al., 2016). The 
uncertainty regarding the radiative forcing induced by 
atmospheric particulate matter is a major obstacle to the 
accurate prediction of climate change (Kahn, 2012; Lee et 
al., 2016). Black carbon (BC) aerosol, which is a byproduct 
of the incomplete combustion of carbon-containing fuels, 
can strongly absorb radiation over a wide wavelength range, 
ranking as the second largest contributor to positive radiative 
forcing in the atmosphere after CO2 (Bond et al., 2013) The 
estimated direct radiative forcing of BC ranges from 0.2 to 
0.8 W m–1 (Jacobson, 2001; Kim et al., 2008; Bond et al., 
2011), representing a sizeable contribution to atmospheric 
heating even at the lower end value. BC is chemically inert 
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and is mainly concentrated in the accumulation mode with 
diameters of 0.01–1.0 µm (Bond et al., 2013). These 
physicochemical characteristics cause BC to have an 
atmospheric lifetime of approximately one week, making it 
amenable to long-range transport to other regions (Liu et 
al., 2011; Wang et al., 2015; Targino and Krecl, 2016). 
Moreover, BC is an important component of air pollution 
in urban areas, exacerbating the degradation of visibility 
(Zhou et al., 2012; Wang et al., 2013). In addition, direct 
inhalation of BC particles has been found to cause vascular, 
cardiopulmonary, and respiratory diseases (Janssen et al., 
2011; Heal et al., 2012). 
China has been recognized as the most important emitter 
of BC in East Asia (Xiao et al., 2014). In 2008, the total 
BC emission in China was estimated to be 1604.94 Gg, 
with 695.03 Gg, 636.02 Gg, and 194.63 Gg contributed by 
industry, the residential sector, and transportation, 
respectively. These three sources together contributed 
approximately 95% of the total BC (Zhang et al., 2013a). 
During the past decade, a number of measurements have 
been carried out in urban areas of China—for instance, in 
the Beijing–Tianjin–Hebei region (Chen et al., 2016; Wang 
et al., 2016a), Yangtze River Delta area (Feng et al., 2014; 
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Zhuang et al., 2014; Shen et al., 2015), Pearl River Delta 
area (Wu et al., 2013; Chen et al., 2014; Gong et al., 2015), 
and Guanzhong Basin (Zhuang et al., 2014; Wang et al., 
2016b). Many valuable data on the characterization of BC 
mass concentration have been obtained in China. However, 
most of the studies involved short-term measurements and 
mainly focused on the provincial capital or highly developed 
cities. By contrast, few studies have addressed midsized 
cities. The different energy structure and types of energy 
consumption between large and mid-sized cities can lead to 
differences in BC emission. For example, more BC from 
biomass burning were found in midsized cities than large 
cities (Wang et al., 2012). 
Knowledge of seasonal variations in BC is important as 
it enables the effect of BC emissions on regional climate to 
be assessed. The measurement site in our study, Baoji 
(106.30–108.05°E, 33.58–35.10°N), is the second largest city 
of Shaanxi province located on the west of the Guanzhong 
Plain at the southern edge of the Loess Plateau. It has a 
resident population of > 0.75 million. Rapid urbanization 
has led to the visibility in Baoji exhibiting a decreasing trend 
since 1997, indicating a progressive degradation of air 
quality (Xiao et al., 2014). In excess of approximately 40% 
of the Chinese cities have a similar population and level of 
economic development to Baoji (Wu, 2004); the seasonal 
characteristics of BC analysis identified in this study may 
have important reference value for air pollution control in 
midsized cities in China. Therefore, the primary objectives 
of this study were (1) to investigate the seasonal and diurnal 
variations of BC and (2) to evaluate the potential sources 
for BC. 
 
EXPERIMENTAL METHODS 
 
The seasonal characteristics of BC aerosol were studied 
in samples collected at an inland urban site in Baoji (Fig. 1). 
Measurements of BC were conducted on the rooftop of a 
six-floor building at the Baoji University of Arts and 
Sciences (107.20°E, 34.35°N, approximately 18 m above 
ground level) from January 1 to December 31 2015. The 
sampling site is surrounded by educational and residential 
districts. To the north is a moderately busy two-lane road 
(approximately 30 m) while to the west is another moderately 
traveled two-lane road. There are no major industrial sources 
located nearby. This sampling site is representative of the 
urban conditions of Baoji. 
The 5-minute averaged BC mass concentration was 
measured with an aethalometer (Model AE-31, Magee 
Scientific, Berkley, CA, USA) using the optical attenuation 
technique. Ambient air was drawn into the aethalometer at a 
flow rate of 5 L min–1 with a 2.5 µm cut-point inlet cyclone. 
Descriptions of the instrument and operational principle 
have been provided elsewhere (Virkkula et al., 2007; Cheng 
et al., 2010; Wu et al., 2012). Briefly, the AE-31 model can
 
 
Fig. 1. Location of the Baoji sampling site. 
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measure optical attenuation at seven wavelengths (370, 470, 
520, 590, 660, 880, and 970 nm). After ambient particles 
are collected on the filter, the aethalometer measures the 
attenuation of the light beam at each target wavelength 
transmitted through the filter. The instrument has two 
photodetectors: one is a reference beam that measures the 
light intensity passing through the pristine portion of the filter, 
and the other is a sensing beam that measures the same light 
crossing the particle-laden filter. The attenuation at each 
wavelength is then estimated from the intensity difference of 
the sensing and reference beams. The manufacturer of the 
aethalometer states an error of < 5% in the measurement of 
BC mass concentration. Based on the error budget discussed 
in several previous studies, the maximum uncertainty in the 
measured BC mass concentration is 20%, with a larger 
percentage of error being applicable to very low BC 
loadings (Corrigan et al., 2006; Moorthy et al., 2007; Nair 
et al., 2007). Previous studies indicate that the filter-based 
measurements by attenuation method can be suffered from 
light scattering artifacts (Arnott et al., 2005; Virkkula et 
al., 2007; Rattigan et al., 2013). Thus, a simple method for 
correcting the loading effects of aethalometer raw data was 
used in this study, which was based on the formula of 
BCcorrected = (1 + k × ATN) × BCnoncorrected, where ATN is the 
light attenuation and BC is the black carbon. The k used here 
was 0.0007 for summer and 0.0054 for the other seasons 
following Virkkula et al. (2007). 
Hourly averaged meteorological data, including 
temperature, wind speed, and precipitation, were obtained 
from the Baoji Meteorological Bureau, which is 
approximately 7 km from the sampling site. Daily averaged 
concentration of sulfur dioxide (SO2) was measured at 
Baoji Environmental Monitoring Station. 
 
RESULTS AND DISCUSSION 
 
Monthly and Seasonal Variations of BC Mass 
Concentration 
The daily average mass concentration of BC from January 
1 to December 31, 2015, is shown in Fig. 2. Daily average 
BC mass concentrations ranged by > 19-fold from 0.6 to 
11.5 µg m–3, with considerable day-to-day variation. The 
annual arithmetic mean (± standard deviation) concentration 
of BC was 2.9 ± 1.7 µg m–3.The data in Table 1 indicate 
that the annual average BC mass concentration in Baoji 
was lower relative to those of some urban areas of China 
such as Beijing (6.3 µg m–3 (Zhao et al., 2013)), Guangzhou 
(4.7 µg m–3 (Chen et al., 2014)), Chengdu (10.8 µg m–3 
(Zhang et al., 2012)), Xi’an (14.7 µg m–3 (Cao et al., 
2009)), Nanjing (4.2 µg m–3 (Zhuang et al., 2014)), and 
Xianghe (4.9 µg m–3 (Ran et al., 2016)), and that it was 
comparable to those of Shanghai (3.3 µg m–3 (Feng et al., 
2014)) and Hefei (3.5 µg m–3 (Zhang et al., 2015)). Compared 
with areas outside China, the annual mean BC mass 
concentration in Baoji was similar to or higher than the 
levels reported for Toulon, France (0.6 µg m–3 (Saha and 
Despiau, 2009)), Granada, Spain (3.0 µg m–3 (Lyamani et 
al., 2011)), Anantapur, India (3.0 µg m–3 (Reddy et al., 2012)), 
and Mexico City (0.9–3.1 µg m–3 (Retama et al., 2015)), 
but lower than those of Delhi, India (6.7 µg m–3, (Tiwari et 
al., 2013)) and Kathmandu, Nepal (11.6 µg m–3, (Putero et 
al., 2015)). The differences in the BC mass concentrations 
can be attributed to the distinct emission sources and 
meteorological conditions as well as the different methods 
and times of year applied for BC measurement. 
The variation of monthly averaged BC concentrations 
(Fig. 3) indicates that the BC mass concentration started to 
increase from June and peaked throughout the winter 
period. The highest monthly BC mass concentration was 
found in January and was higher than the lowest value in 
June by a factor of 3.6. In January, the mean wind speed 
was 1.2 m s–1, with conditions typically being calm. Although 
the mean wind speed varied within a narrow range of 0.9–
1.5 m s–1 from month to month during the entire campaign, 
temperatures were lowest in January and had an average 
value of 2.3°C. The residents of the town and surrounding 
areas usually burn coal or biomass (e.g., straw and/or wood) 
for domestic heating during winter. Burning these fuels in 
domestic conditions typically results in the emission of 
large BC particles. Because January is the coldest month, 
 
 
Fig. 2. Daily variation of the measured BC mass concentration during the entire campaign. 
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Table 1. Average black carbon (BC) mass concentrations at selected locations. 
Location Observation period BC (µg m–3) Reference 
Baoji Jan.–Dec. 2015 2.9 ± 1.7 This study 
Beijing 2009–2010 6.3 ± 2.9 Zhao et al., 2013 
Guangzhou Dec. 2007–Dec. 2008 4.7 Chen et al., 2014 
Chengdu 2006–2007 10.8 ± 5.5 Zhang et al., 2012 
Xi'an Sep. 2003–Aug. 2005 14.7 ± 9.5 Cao et al., 2009 
Nanjing Jan. –Dec. 2012 4.2 ± 2.6 Zhuang et al., 2014 
Xianghe Apr. 2014–Mar. 2015 4.9 ± 4.3 Ran et al., 2016 
Shanghai Jan.–Dec. 2011 3.3 ± 2.1 Feng et al., 2014 
Hefei Jun. 2012–May 2013 3.5 ± 2.5 Zhang et al., 2015 
Toulon, France Oct. 2005–Oct. 2006 0.6 ± 0.4 Saha and Despiau, 2009 
Delhi, India Jan.–Dec. 2011 6.7 ± 5.7 Tiwari et al., 2013 
Anantapur, India Jan.–Dec. 2010 3.0 ± 0.3 Reddy et al., 2012 
Mexico City Mar. 2013–Mar. 2014 0.9-3.1 Retama et al., 2015 
Kathmandu, Nepal Feb. 2013–Jan.2014 11.6 ± 10.7 Putero et al., 2015 
Granada, Spain Dec. 2005–Nov. 2008 3.0 ± 1.5 Lyamani et al., 2011 
 
 
Fig. 3. Seasonal average BC mass concentrations, wind speed, temperature, and precipitation. 
 
more fuel is burned than during other winter months. This 
resulted in the highest BC loadings. In comparison, in June, 
approximately 35% of sampling days had rainfall, which 
was the highest of all months. Precipitation is the most 
effective means of removing BC from the atmosphere, 
resulting in the lowest values of BC occurring in June. 
Frequency distributions of BC mass concentrations for 
each season are shown in Fig. 4, with the total 5-minute 
averaged data divided into a finer mass interval of 1 µg m–3. 
As illustrated in this figure, the mass concentrations of BC 
followed a typical lognormal pattern in all seasons. The BC 
mass concentrations showed obvious seasonal variations with 
the highest value of 4.6 ± 2.8 µg m–3 in winter (December–
February) and lowest value of 1.8 ± 0.9 µg m–3 in summer 
(June–August). The seasonal average BC mass concentrations 
in spring and autumn were comparable, with the values being 
2.4 ± 1.6 and 2.7 ± 1.7 µg m–3, respectively. Most BC values 
concentrated within the range of 1–5 µg m–3 (Fig. 4), 
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Fig. 4. Frequency distributions of hourly average BC concentrations during the four seasons. The vertical red dash lines 
represent the seasonal average mean values. 
 
accounting for approximately 77%, 78%, 77%, and 61% of 
the total data samples from spring to winter, respectively. The 
maximum frequencies of 30%, 42%, 28%, and 17% occurred 
at the ranges from 1.0 to 2.0 µg m–3, 1.0 to 2.0 µg m–3, 2.0 
to 3.0 µg m–3, and 3.0 to 4.0 µg m–3 in spring, summer, 
autumn, and winter, respectively. From spring to autumn, 
the frequency of high BC values was mostly observed in 
smaller bin regions, while in winter, they occurred in larger 
bin regions. The frequency of BC values > 10 µg m–3 was 
substantially high in winter, possibly due to the increased 
domestic heating activities and stagnant meteorological 
conditions. BC values ranging from 8 to 10 µg m–3 can also 
appear in spring and autumn, during which BC levels can 
be dramatically enhanced by pollution episodes. 
The seasonality of BC was attributed to the seasonal 
variations of anthropogenic emission sources as well as 
meteorological conditions (e.g., wind speed and rainfall). 
The large BC loadings in winter were related to domestic 
heating activities using coal combustion to warm the house. 
This can be further proved by the higher SO2 concentration 
in winter (27.4 µg m–3) than in other seasons (12.9, 5.3, and 
9.5 µg m–3 for spring, summer, and autumn, respectively). 
Moreover, the more frequent occurrences of stagnant 
meteorological conditions (e.g., low atmospheric boundary 
layer and wind speed) can aggravate the BC accumulation 
on the surface. The low BC levels in summer were possibly 
due to high convective activity, which can cause BC 
dilution. Furthermore, the enhanced precipitation is another 
important factor leading to low BC in summer. The seasonal 
variations of BC at Baoji are consistent with those observed 
in other urban areas of China (e.g., Cao et al., 2009; Zhuang 
et al., 2014; Zhang et al., 2015) in which higher BC mass 
concentrations occurred in winter. 
 
Diurnal Variations of BC Mass Concentration 
Diurnal variations of BC can effectively reflect the role 
of local anthropogenic activities and mesoscale atmospheric 
processes (Reddy et al., 2012). Fig. 5 illustrates the diurnal 
variations of BC during four seasons in Baoji. The BC mass 
concentrations exhibited similar bimodal diurnal patterns in 
each season. The BC values started to increase in the 
morning at 04:00–05:00, with the highest increasing rate 
being 0.8 µg m–3 h–1 in winter and 0.3–0.4 µg m–3 h–1 in the 
other seasons; it then attained a morning peak at 07:00–
08:00, with a value of 3.2 µg m–3 for spring, 2.5 µg m–3 for 
summer, 2.9 µg m–3 for autumn, and 6.3 µg m–3 for winter. 
Thereafter, BC decreased at a certain rate of 0.3, 0.2, 0.2, 
and 0.8 µg m–3 h–1 from spring to winter, respectively and  
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Fig. 5. Diurnal variations of BC mass concentrations in each season. 
 
reached a minimum value (1.6 µg m–3 for spring, 1.1 µg m–3 
for summer, 2.1 µg m–3 for autumn, and 2.7 µg m–3 for winter) 
at 14:00–16:00. In the late afternoon, BC started to increase 
again at a rate of 0.7 µg m–3 h–1 for spring, 0.4 µg m–3 h–1 
for summer, 1.0 µg m–3 h–1 for autumn, and 2.2 µg m–3 h–1 
for winter, and it reached a nighttime peak at 19:00–21:00, 
with an average value of 3.4 µg m–3 for spring, 2.4 µg m–3 
for summer, 4.2 µg m–3 for autumn, and 7.1 µg m–3 for 
winter. Thereafter, BC decreased at a rate of 0.2 µg m–3 h–1 
for spring, 0.1 µg m–3 h–1 for summer, 0.2 µg m–3 h–1 for 
autumn, and 0.3 µg m–3 h–1 for winter until 03:00 when a 
morning trough was observed. 
The BC diurnal variation in Baoji exhibited a typical 
pattern in urban areas, which has been observed elsewhere 
(Chen et al., 2014; Feng et al., 2014; Wang et al., 2014; 
Zhuang et al., 2014). The diurnal cycle of each season was 
associated with a combination of BC emissions and 
meteorological conditions. The morning BC peak can be 
explained by local human activities, particularly rush-hour 
traffic, and enhanced by the low boundary layer height at 
the beginning of the day, which leads to the accumulation 
of pollutants on the surface. With the enhancement in solar 
radiation as the day proceeds, the height of boundary layer 
and wind speed increase, leading to a dilution of pollutants 
and resulting in a trough of BC in the afternoon. The night 
BC peak was mainly related to the evening rush-hour traffic 
and other human activities (e.g., heating in winter and 
cooking). Those impacts were presumably exacerbated by 
the shallow nocturnal boundary layer caused by radiative 
cooling. The decreasing trend at night was attributed to the 
reductions in pollutants from local anthropogenic activities 
as well as scavenging by dry deposition. 
 
BC Potential Pollution Source Areas 
A potential source contribution function (PSCF) model 
was employed to determine the possible seasonal source 
areas for BC in Baoji. The PSCF calculation was based on 
3-day trajectories using the NOAA Air Resource Lab (ARL) 
Hybrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model. Gridded meteorological data from the 
Global Data Assimilation System (GDAS1) was utilized in 
the HYSPLIT model. The calculated backward trajectories 
were on the basis of an arrival height of 500 m above 
ground level. Due to the lack of GDAS1 data in September, 
only data from October and November were used in PSCF 
model to represent autumn. In this study, about 2202, 2120, 
1412, and 2154 backward trajectories were retrieved in 
spring, summer, autumn, and winter, respectively. 
For the PSCF model, the geographic areas covered by 
the trajectories were separate into an array of 0.5° latitude × 
0.5° longitude. The number of terminated trajectory segment 
endpoints within each cell was used to calculate PSCF 
values. For example, an endpoint number falling in the ijth 
cell is defined as n(i, j). The endpoint number for the same 
cell when the corresponding BC loading is larger than an 
arbitrarily set criterion value is designated as m(i, j). Finally, 
the calculation formula of the PSCF value for the ijth cell 
is defined as  
 
PSCF(i, j) = m(i, j)/n(i, j) (1) 
 
In the PSCF analysis, some grid cells may contain only one 
endpoint (n(i, j) = 1). If this situation occurs to a pollution 
event trajectory, then the PSCF value would be 1, but the 
uncertainty of this result would be large. In this study, a 
weight function W(i, j) was established to reduce the impact 
of small n(i, j) value, and the setting principle was when 
the number of the end points per a particular cell was less 
than about three times the average values of the end points 
per cell. Thus, the W(i, j) was set as follows: 
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Although the PSCF model is a practical tool often used 
to locate potential source areas (e.g., Zhang et al., 2013b; 
Dimitriou, 2015; Zhu et al., 2016), a restriction of this method 
is that the same PSCF values may occur in different grid 
cells when BC loadings at the receptor site are either 
substantially larger or only slightly larger than the criterion 
value, which is often derived as the arithmetic mean (e.g., 
Wang et al., 2004; Xu and Akhtar, 2010; Zhao et al., 2015). 
This may lead to difficulties in differentiating heavy pollution 
sources from moderate ones. To further distinguish, the 75th 
percentile of each season’s data was set as the criterion value, 
which was 3.0 µg m–3 for spring, 2.4 µg m–3 for summer, 
3.6 µg m–3 for autumn, and 5.9 µg m–3 for winter. A previous 
study indicated that a higher criterion value could make 
better resolution of PSCF source identifications than the 
mean value (Cheng and Lin, 2001). 
The seasonal maps of PSCF results at the arrival height 
of 500 m are shown in Fig. 6. Distinct potential pollution 
source regions of BC for Baoji were found in each season. 
For spring, the largest possible source regions for BC were 
to the southwest of Baoji. These areas include the south of 
Shaanxi province (including the cities of Hanzhong, 
Shangluo, and Ankan), northwest of Hubei province, and 
north of Chongqing. For summer, the distribution of PSCF 
values was rather dispersed and the values were lower than 
0.6, indicating that the contribution from regional transport 
was small. For autumn, the possible source regions of BC 
were to the south of Baoji, mainly in the southwest of 
Shaanxi province. Considering the high BC loadings in 
Baoji in autumn, the low PSCF values (< 0.6) indicated a 
higher possible large BC emission originating from local 
sources than from regional transport from southern Shaanxi 
province. For winter, the most likely source regions for BC 
were located to the southwest of Baoji, mainly in the northeast 
of the Sichuan Basin, including the cities of Chengdu, 
Deyang, Suining, Guangyuan, Bazhong, and Dazhou, where 
BC emissions are considered to be high (Wang et al., 2012). 
 
CONCLUSIONS 
 
The surface characteristics of BC aerosol were measured 
in Baoji, a midsized urban area in China, from January till 
December in 2015. The seasonal, monthly, and diurnal 
variations in BC were investigated, as well as its potential 
source regions. The annual arithmetic mean of mass 
concentrations in Baoji was 2.9 ± 1.7 µg m–3, with the highest 
monthly BC level occurring in January and the lowest in 
June. The seasonality indicates maximum mean loadings in 
winter (4.6 ± 2.8 µg m–3), moderate values in spring (2.4 ± 
1.6 µg m–3) and autumn (2.7 ± 1.7 µg m–3), and minimums 
in summer (1.8 ± 0.9 µg m–3). The large BC loadings in 
winter were attributed to increased domestic heating and 
stagnant meteorological conditions, whereas the low levels 
in summer were related to increased precipitation. The mass 
concentrations exhibited similar bimodal diurnal patterns
 
 
Fig. 6. The maps of likely source areas of BC identified using a potential source contribution function (PSCF) model 
during each season. 
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during the four seasons: the peak value occurred during the 
morning rush hour, decreased to an afternoon trough, then 
rose again during the evening rush hour, and finally declined 
at night. The morning and evening peaks are mainly related 
to the enhanced traffic emissions as well as the low boundary 
layer and stagnant airflow. The PSCF model indicated that 
the impacts of regional transport mostly occurred in spring 
and winter and that local contributions may be more 
important in summer and autumn. The most likely regional 
sources of BC in Baoji were southern Shaanxi, northwestern 
Hubei, and the northern part of Chongqing during spring, 
whereas the northeastern part of the Sichuan Basin was the 
most important source region of BC during winter. 
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